atodes. However, further interpretation of these phylogenetic analyses is complicated by two considerations. First, clear MSP orthologs have not been identified outside of nematodes. Second, some proteins involved in sexual reproduction have been observed to undergo rapid evolution (21), which could eclipse evolutionary relationships. Thus, the current data do not allow us to distinguish between two alternative models. One possibility is that MSP arose from VAP during the evolution of the nematode reproductive system and diverged, acquiring one or multiple new functions. Alternatively, MSP was present in the common ancestor of many animals and was lost in some lineages or remains to be identified. MSP signaling functions could be derived and unique to MSP, or ancestral and shared among MSP and some VAP homologs. In any event, the exceptionally high degree of conservation in nematodes makes MSP an attractive anti-helminthic drug target.
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Nematode sperm use a pseudopod to move over short distances by crawling (22) . MSP is the most abundant protein in sperm (23) and forms self-assembling filaments in the pseudopod (24) . Unlike flagellar sperm found in many animals, nematode sperm contain essentially no actin (25) and crawling is thought to be dependent on MSP function (26) . The mechanism by which MSP signals are delivered to oocytes and sheath cells is not currently understood and may be novel. MSP does not have a signal sequence nor do C. elegans sperm have ribosomes, an endoplasmic reticulum, or a Golgi system (22) . Pseudopod formation is not required for MSP signaling because spe-4 spermatocytes (27) , which fail to form pseudopods, are still capable of promoting oocyte maturation and sheath contraction (1) .
These results, taken together with previous studies (24) , indicate that MSP has acquired both extracellular signaling and intracellular cytoskeletal functions during evolution. MSP appears to perform these functions by mediating multiple protein-protein interactions using its single immunoglobulin-like fold (16, 28) . The presence of MSP-like domains in yeast, plants, and animals suggests that some of these functions have been conserved during the evolution of multicellular organisms. 
References and Notes

Sonic Hedgehog Control of Size and Shape in Midbrain Pattern Formation
Seema Agarwala, Timothy A. Sanders, Clifton W. Ragsdale*
Little is known about how patterns of cell types are organized to form brain structures of appropriate size and shape. To study this process, we employed in vivo electroporation during midbrain development to create ectopic sources of Sonic Hedgehog, a signaling molecule previously shown to specify different neuronal cell types in a concentration-dependent manner in vitro. We provide direct evidence that a Sonic Hedgehog source can control pattern at a distance in brain development and demonstrate that the size, shape, and orientation of the cell populations produced depend on the geometry of the morphogen source. Thus, a single regulatory molecule can coordinate tissue size and shape with cell-type identity in brain development.
The determination of cell fate and the spatial organization of differentiated cells are the fundamental processes by which any tissue is organized during development. An attractive mechanism for achieving spatial patterns of different neuronal cell types is through a "positional signal" from a morphogen source that elicits distinct molecular responses in target cells according to their distance from that source (1, 2 (Fig. 1A) . The embryonic ventral midbrain is an attractive system for studying brain patterning, because it is transiently organized into a regular set of discrete arcuate territories (midbrain arcs) arrayed bilateral to the ventral midline (6) . Each of these arcuate territories has a unique molecular identity, based on its expression of specific transcription factors. We assessed the effects of our electroporations at E5, when five molecularly distinct territories can be identified (Fig. 1, B through E) . Fig. 2A) . In addition, electroporation itself did not disrupt midbrain arc patterning (Fig.  2B) .
We first studied the effects of enlarging the SHH territory in ventromedial midbrain (7). As expected (8) (9) (10) , SHH overexpression led to the up-regulation of transcriptional targets of SHH, including FOXA2/HNF3␤ and the SHH receptor PATCHED (Fig. 2, C and  D) . In addition, the entire arcuate pattern of the ventral midbrain, including the PHOX2A ϩ motorneurons of arc 1 and the GATA2 ϩ lateral arcs, was expanded (Fig. 2, E and F) . Despite these expansions, the relative positions of the arcuate territories to each other and to the SHH source were maintained.
SHH misexpression stimulated cell proliferation (Fig. 2G ) and produced frank tissue growth of the ventral midbrain (Fig. 2H) . Thus, the observed patterning effects could be due to the expansion of pools of dedicated precursor cells rather than the respecification of cell fates by SHH. Consequently, we used microelectroporation to create small sources of ectopic SHH in dorsal midbrain, where arcs are never seen. These experiments established that an ectopic SHH source is sufficient to elicit a complete set of midbrain arcs (Fig. 3, A and B) .
To explore the mechanism by which SHH generates multiple midbrain cell types, we introduced sources of SHH within the ventral midbrain at varying distances from the ventral midline. When placed in lateral tegmentum, the ectopic SHH source produced a complete mirror-image duplication of the arc pattern (Fig. 3C) . As the two SHH sources were brought close together, however, cell types normally occupying arcuate territories most distant from the SHH source, such as arc 3 and the EVX1 territory, were lost from the center of the pattern (Fig. 3D) , suggesting that the level of the signal provided by the two nearby SHH sources is too high to specify arc 3 or the EVX1 territory. Thus, a SHH source does not simply induce the midbrain arc pattern, but provides a positional signal to specify cell-type identity.
The next set of experiments explored how a positional signal controlling cell-type specification could be deployed to produce brain structures of the required shape and orientation. In hindbrain and spinal cord development, most neuronal cell types are arranged into longitudinal columns bilateral to the ventral midline. A simple account of this patterning is that the SHH in the ventral midline provides a positional signal and that the readouts of this signal are longitudinal columns because the source is a longitudinal stripe. Shifting the orientation of the SHH source by 90°should still produce a parallel array of stripes, but they should lie perpendicular to the normal arc pattern. By microelectroporation, we directed ectopic SHH to the isthmus (midbrain-hindbrain junction), creating a morphogen source orthogonal to the ventral midline. The ectopic arcs ran perpendicular to the normal arcs, forming an L-shaped pattern of midbrain cell types that conformed to the L-shaped SHH source (Fig. 3E) . Thus, the orientation of the SHH source determines the orientation of the arc pattern.
If a line source of SHH elicits stripes, then a spot source should produce a radial pattern. Such patterns have been demonstrated with morphogens of the TGF␤ family (11, 12) . We found that microelectroporations producing spots of SHH gene expression created bull'seye patterns of arc-specific rings, which resembled the eyespot of a butterfly's wing (Fig. 3F) . Eyespots are known to express hedgehog transcripts (13) and to function as organizers in transplant experiments (14) . Our findings establish that ectopic hedgehog is sufficient to organize an eyespot-like pattern in epithelial tissue.
Finally, we found that small SHH sources elicited small patterns of ectopic arcs and large sources produced large patterns (Fig. 4) . In essence, the size of the SHH source sets up the size of the field of ectopic arcs and the sizes of the individual arcuate territories.
Our findings provide evidence that a SHH positional signal is able to establish a complete pattern of ventral midbrain cell types. We also demonstrate that SHH in brain development, like hh, wg, and dpp in Drosophila limb development (15) (16) (17) , can coordinate patterning with size control. Our results further point to the critical role that the geometry of a morphogen source plays in patterning vertebrate CNS structures and suggest a reason why the development of the floor plate, the principal source of SHH in spinal cord and brainstem development, is under such extensive developmental regulation (18, 19) . To pattern the CNS correctly, not only the location, but also the shape and size, of the SHH source must be precise because the consequences for the patterning of neuronal assemblies are profound. In spinal cord development, SHH is expressed in a tight mid- line stripe and longitudinal columns are formed. By contrast, in midbrain development, SHH expression fans out from the ventral midline, and arcuate territories in register with the morphogen source are the result.
